ABSTRACT: Metal coordinated materials are attractive for many applications including catalysis, sensing, and controlled release. Adenine and its derivatives have been widely used to generate many coordination complexes, polymers, and nanoparticles. However, few of these materials display fluorescence. Herein, we report fluorescent gold complexes and nanoclusters formed with adenosine, deoxyadenosine, AMP and ATP, where the former two produced micrometer-sized particles and the latter two produced molecular clusters. Only weak fluorescence was produced with adenine, while no emission was observed with uridine, cytidine or guanosine. We found that adding citrate and light exposure are two key factors to generate fluorescence and their mechanistic roles have been explored. In all the products, the ratio between gold and adenine was determined to be 1:1 using UV-vis spectroscopy. Mass spectrometry showed clusters containing 2, 4, and 6 gold atoms in the gas phase.
Introduction Supramolecular chemistry and in particular biomolecule-coordinated compounds and materials have attracted a lot of research interest in the past a few decades because of their potential applications in biosensor development, catalysis, tissue engineering, drug delivery and imaging. [1] [2] [3] [4] [5] At the same time, such research is also important for understanding metal toxicity and fundamental inorganic and materials chemistry. Out of the numerous biomolecules that can interact with metal ions, DNA and nucleotides have been extensively studied since they can bind to various metal ions via both the hard phosphate ligand and the more soft DNA bases. [6] [7] [8] [9] [10] [11] [12] In particular, adenine and its derivatives are very attractive ligands as they contain multiple high affinity metal binding sites. [13] [14] [15] For example, Wei et al.
prepared adenine/Au(III) supramolecularly assembled nanoparticles with a diameter of ~300 nm. These particles were formed via a hierarchical assembled process with a Au:adenine ratio of 4:1. 16 Purohit and
Verma managed to obtain the single crystal structure of 9-allyladenine coordinated with Ag and this material showed emission peaks at ~400 nm. This emission was attributed to metal induced nucleotide fluorescence by the authors. 17 Garcia-Teran et al. reported a complex formed by adenine and Cu. 18 Rosi and co-workers synthesized a metal-organic framework using Zn(II) and adenine, where Zn was coordinated via oxygen and controlled drug release was demonstrated. 19 Kimizuka and co-workers prepared supramolecular networks of adenosine monophosphate (AMP) with various lanthanides, where both oxygen and nitrogen ligands are proposed to participate in metal binding. 20 This structure was noncrystalline and various guest molecules could be trapped during the synthesis. In addition to experimental studies, a number of theoretical works have also been reported. 13, [21] [22] [23] [24] In all the above cited examples, large three-dimensional structures were obtained since adenine has four metal binding sites and each metal ion can also bind multiple adenines. The challenge is thus to control the growth of these materials to form nanoparticles and molecular complexes. Fluorescence was reported only in one case with silver and so far no fluorescent gold complexes were reported with adenine ligands. It is highly desirable to develop more fluorescent materials that could be potentially 3 used for imaging and biosensing applications. We noticed that all the previous synthesis involved high concentrations of HAuCl4 and adenine containing compounds, making it difficult to control the assembly process. In addition, no reducing agent was added.
In this work, we report a series of fluorescent gold complexes prepared with various adenine containing ligands. Citrate and light exposure or heating are identified to be the key factors to produce fluorescence. The gold complex may extend to large networks of three dimensional structures or may stay in the oligomer state, depending on the amount of charge on the ligand. The smallest complex may contain just a few gold ions, which can be considered as the smallest gold nanoclusters (AuNC) with blue fluorescence. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] The availability of both nanoparticles and molecular species allows us to employ a diverse range of techniques to gain a more complete understanding. While fluorescent gold nanoclusters templated by DNA have been reported, 28, 36 nucleotide-templated synthesis is more challenging since DNA could be designed to position a few gold ions at close proximity prior to their reduction. For nucleotides, gold needs to be made close to each other by multivalent coordination.
Materials and Methods
Preparation of Adenosine-Au complex. The complex formation was started by adding 2 μL adenosine (50 mM) to 38 μL water (final concentration: 2mM). To this mixture, 5 μL HAuCl4 (50 mM) was added (final concentration: 0.5 mM) followed by 5 μL citrate-citric acid buffer (500 mM pH 6) (final concentration: 50 mM) to make up a final volume of 50 μL. Several of these parameters (e.g. HAuCl4
and adenosine concentration) were varied before the optimized values above were obtained. For Au-ATP, Au-AMP, Au-deoxyadenosine, and Au-adenine complexes, the procedure was similar. The only difference being that these compounds were used in place of adenosine. For large volume synthesis, the reagents were scaled up accordingly and the incubation time was extended to three days in an open beaker with magnetic stirring.
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Optical spectroscopy measurement. Fluorescence was observed using a UV lamp at 245nm in a dark room and recorded using a digital camera (Canon PowerShot SD1200 IS). The samples were also observed under ambient light and recorded. Quantification of fluorescence was normally done by diluting the sample 30 times in water to a final volume of 600 μL and measuring the spectrum on an Eclipse fluorometer (Varian) at an excitation wavelength of 300 nm. UV-Vis absorption spectrums were also obtained from an Agilent 8453A spectrometer after diluting by an appropriate amount. To avoid the interference from the free nucleotides, the samples were centrifuged at 15,000 rpm (for particular samples) or ultracentrifuged at 120,000 rpm (AMP, ATP samples) and washed with water twice before measurement. Dynamic Light Scattering was also performed using a Zetasizer Nano (Malvern) instrument to determine particle size, as well as zeta potential, where the samples were dispersed in the buffer they were synthesized.
XRD, SEM and fluorescence microscopy. Two large scale (500 mL) synthesized samples were prepared and one was stored in dark with the cap tightly sealed and the other exposed to ambient light.
The samples were allowed to naturally settle down after three days and concentrated to 3 mL for repeated washing in water. Finally the samples were dried in a vacuum centrifuge. The XRD spectra were collected on a Bruker instrument by drying the sample on a piece of silicon wafer. SEM was measured on a Zeiss instrument. Fluorescence micrographs were obtained on an inverted Nikon fluorescence microscope with the DAPI cube. 2 L of sample dispersed in water was placed between microscope slides and imaged with either 20 or 100 oil immersion objectives.
Results and Discussion
Fluorescent complexes. Most previous work on nucleobase and metal complexes was carried out by simply mixing them at high concentrations, where supramolecular structures were formed immediately.
To better control the reaction kinetics, we decreased the concentration of the reagents by more than 10-fold (e.g. ~0.25-0.5 mM HAuCl4) and also introduced citrate as a reducing agent. For the initial test, 1 mM adenosine, uridine, cytidine, or guanosine was respectively mixed with 0.25 mM HAuCl4 and citrate buffer (pH 3 or 6) was added. Citrate acts both as a reducing agent and a buffer. We chose these two pH values to cover the possible protonation effect of adenosine (pka=3.5) and cytosine (pka=4.2). 37, 38 After overnight incubation under ambient light, the samples were observed under 245 nm excitation in a dark room or under ambient light ( Figure 1A ). Adenosine at pH 6 gave strong blue emission while the samples containing the other nucleosides were dark. Protonation of adenosine at pH 3 also inhibited the synthesis and therefore the N7 position might be involved in binding to gold. It is interesting to note that large AuNPs were produced with uridine at both pH values since red or blue color was observed under ambient light. Cytosine and guanosine failed to produce either AuNPs or fluorescent species. The fluorescence spectrum of the adenosine/Au complex shows an emission peak at ~480 nm (Ex = 300 nm, Figure 1C , black trace), and the fluorescence excitation spectrum shows a peak at ~300 nm (red trace). Figure 2A , the maximal emission was achieved after UV exposure for ~5 min. Ambient fluorescent tube lamp could also induce fluorescence but it takes longer time. Next, we tested whether UV exposure alone is sufficient for fluorescence generation. For this purpose, a sample was exposed to UV light immediately after mixing all the reagents; however this sample failed to show fluorescence. Therefore, a certain incubation time was needed for complex formation. As shown in Figure 2B , the maximal emission was achieved ~5 hr after mixing the reagents. Note that all the samples in Figure 2B were exposed to UV light for 5 min before fluorescence measurement.
Furthermore, if citrate was not added, no fluorescence was generated either even with light exposure.
Taking together, citrate, an incubation step (e.g. 5 hr) and light exposure were all required to produce fluorescence.
To obtain a large volume of sample, using a handheld UV lamp for light exposure is not practical.
Instead, we employed ambient fluorescent tube lamp but with a longer exposure time. The time takes to reach maximal fluorescence is also a function of sample volume. For example, it takes ~3 days when 500 mL sample was prepared. Light exposure has changed the electronic structure of the samples.
Before light exposure, the samples were brown ( Figure 1B ) with a broad absorption feature peaked at ~380 nm ( Figure 1D ). After light exposure, the sample became greenish but the main absorption peak only slightly blue shifted. The difference spectrum after and before light exposure showed an absorption maximum at ~300 nm (inset of Figure 1D ), which agrees with the fluorescence excitation spectrum of the sample ( Figure 1C , red curve). In addition to light absorption, the samples also showed light scattering features with a high background, which is the main reason for us to perform the spectrum subtraction step. The light scattering contribution also suggests that the samples are relatively large particles. Therefore, the optimal condition for the synthesis appears to be 2 mM adenosine and 0.5 mM HAuCl4.
To determine the stoichiometry between adenosine and HAuCl4 in the complex, we used an excess amount of adenosine. After centrifugation the absorbance at 260 nm of the supernatant was measured, from which free adenosine concentration was calculated. Based on this, the adenosine:Au ratio in the particle was determined to be 1:1.04, suggesting that the ratio of these two components to be 1:1.
Therefore, the requirement of higher concentration of adenosine to reach high fluorescence (e.g.
adenosine:Au = 4:1) is likely to avoid the initial formation of large AuNPs. 
Fluorescent supramolecular particles.
We noticed that the samples gradually became cloudy within a few hours after the addition of citrate while the sample without citrate remained clear ( Figure 4A ). The average size of the particles was measured to be ~2.2 m using dynamic light scattering (DLS) and the size remained the same after light exposure. Therefore, light exposure does not change the aggregation state of the complex. After centrifugation, the supernatant becomes clear and non-fluorescent while the precipitant is highly fluorescent (Figure 4C ), indicating that the fluorescence of the adenosine/gold complex is from colloidal particles instead of from a simply molecular species. We followed the kinetics of particle size change using DLS ( Figure 2D) ; it takes ~5 hr for the particles to reach a stable size distribution. This time scale agrees well with the incubation time required for achieving strong fluorescence ( Figure 2B) . Therefore, the formation of the complex between adenosine and gold appears to be a prerequisite for fluorescence generation. To characterize the morphology of the particles, a sample was dried and imaged using scanning electron microscopy (SEM) ( Figure 4D ). The sample was not conductive and displayed the charging effect during the SEM experiment. The individual particles are spherical with a size of ~300 nm. The 2.2 m hydrodynamic size is thus a consequence of aggregation. This conclusion is also supported by optical microscopy of the sample dispersed in water, where clustering of small particles were observed ( Figure   4E , F). Therefore, the aggregation in SEM was not an artifact of drying. We measured the zeta-potential of the sample to be just -2 mV in 50 mM citrate buffer (pH 6), explaining the tendency to aggregate.
Even after drying, the particles remained fluorescent (see Figure S1 ). However, powder X-ray diffraction experiments showed that the particles were non-crystalline before or after light exposure (see Figure S2 ).
Complexes formed with other adenine derivatives.
To further understand the interaction between adenosine and gold, we next tested a few adenine derivatives including adenine, deoxyadenosine, AMP and ATP. For each compound, the fluorescence photographs and spectra were measured as a function of the compound concentration. As shown in Figure 5A -C, deoxyadenosine showed a similar trend as adenosine. Therefore, the 2-OH is not important for fluorescence generation. The product was also particles (particle size = ~2 m, Figure 5D and zeta-potential = -2 mV). On the other hand, adenine failed to produce strong emission ( Figure 5E -G). The best fluorescence was observed at a lower ratio between adenine and gold (e.g. 0.5 mM adenine) and the strongest emission was just ~5% of that of adenosine. The major difference is that the 9 nitrogen is available for binding to gold in adenine, which appears to have an adverse effect on fluorescence generation. The adenine/Au complex also appeared to be particles of 1.4 m with its zeta-potential being -14 mV. It is interesting that AMP or ATP produced clear solutions, while blue fluorescence was still observed ( Figure 5I -P). The fluorescence spectra were blue shifted by ~10 nm to 470 nm for these two negatively charged compounds. DLS showed that AMP produced an average size of ~10 nm and ATP has an average size of just 2 nm. Therefore, the degree of aggregation is a function of charge associated with the ligands. Zeta-potential measurement showed values of -24 and -28 mV for AMP and ATP complexes, respectively. This experiment shows that producing fluorescence does not require extensive aggregation, while aggregation with adenosine is due to a lack of charge. The fluorescence intensity of samples prepared with (deoxy)adenosine, AMP and ATP was quite comparable but not exactly the same. This might be related to the different particle size and difference in the amount of light exposure. We have used the AMP-Au complex to determine the fluorescence quantum yield to be 1.6% with anthracene as a reference. 
Hydrodyanmic diameter of the complexes formed by Au and deoxyadenosine (D), adenine (H), AMP
(L) and ATP (P). In all the experiment, the HAuCl4 concentration was fixed to be 0.5 mM and citrate pH 6.0 (50 mM).
Since the adenosine sample formed aggregated nanoparticles, it cannot be characterized by mass spectrometry. Fortunately, the emission property of AMP and adenosine samples was very similar and DLS showed that AMP might generate molecular species. We performed ultracentrifugation to concentrate and purify the AMP/Au complex and carried out mass spectrometry studies ( Figure 6A ).
Interestingly, AMPnAun complexes were observed, where n = 2, 3, or 4. This is consistent with our 13 previous stoichiometry measurement using UV-vis spectroscopy. Essentially no mass corresponding to the AMP1Au1 species was found. Therefore, we reason that at least two gold ions are required to form a stable complex and to generate fluorescence, and Au-Au interaction might be crucial for fluorescence. [39] [40] [41] It needs to be pointed out that the mass spectrometry only displays species that are stable in the gas phase and it may not completely reflect the situation in the solution phase. The fact that these clusters could be detected in the mass spectrometer conditions indicates that they are very stable. At the same time, the small clusters predicted by the mass spectrometry matches the small sizes measured using DLS.
To understand the origin of fluorescence, we measured the emission lifetime. The absorption spectrum of the AMP/Au complex showed a peak at 300 nm ( Figure 6B ), which is similar to the difference spectrum we obtained for the adenosine/Au complex before and after light exposure (inset of Figure   1D ). The lifetime decay of both AMP and adenosine complexes were measured to see the effect of dispersed versus aggregated molecules ( Figure 6C ). In both cases, the decay times were on the order of 1 s and contained multiple decaying components. The decay with adenosine appeared to be even slower. There are literature reports showing fluorescence lifetime of gold nanoclusters to be around a few hundred nanoseconds, which is comparable with our observation. [42] [43] [44] [45] The mechanism of such emission is still under investigation but it is believed to be related to the charge transfer from ligand. 39, 42 For example, Wu and Jin reported that the Au25SG18 -cluster has decay times of 246 nsec and 1200 nsec, where SG denotes for glutathione. 42 Therefore, our adenosine/Au complex could be a form of such AuNC. When the lifetime and the Stokes shift (~180 nm) are considered, it might be more appropriate to call our emission luminescence instead of fluorescence. In other cases, AuNCs could also display lifetime characteristic of molecular fluorescence. For example, Zheng et al. reported the preparation of poly(amidoamine) dendrimer stabilized AuNC whose fluorescence lifetimes are below 10 ns. 25 In that example, it is believed that fluorescence is from the gold cluster itself (not charge transfer from the ligand) and larger AuNCs emit longer wavelength. In our case, the emission color is almost independent of the cluster size, consistent with the charge transfer mechanism. Mechanistic studies. Since citrate and light exposure are the two key components to generate fluorescence, we aim to further study their effects. We first mixed adenosine and HAuCl4 in the absence of citrate. Citrate was then added after waiting for designated time periods and the samples were incubated overnight under ambient light. As shown in the inset of Figure 7A , we found that if citrate was added after 2 hr, the sample appeared yellow. The fluorescence decreased significantly as the waiting time was increased, where essentially no fluorescence was observed at time 2 hr ( Figure 7A ).
Similar observations were obtained for AMP but ~40% fluorescence still remained at 2 hr. Therefore, adenosine and AMP can bind to HAuCl4 in the absence of citrate and form yellow colored complexes. If these complexes are stably formed, adding citrate cannot reduce gold to a fluorescent state. We propose that citrate needs to be added first to reduce HAuCl4 to a lower oxidation state and that may result in a different coordination geometry favored for fluorescence (e.g. with appropriate Au-Au distance for aurophilic interaction). Adenosine can form a 3D network structure to confine coordinated gold very tightly while AMP forms smaller clusters that can be adjusted more easily. This may explain the difference between these two in Figure 7A .
Next we tested the addition of citrate before adding adenosine. As shown in the inset of Figure To further understand the mechanism, we followed the reaction by UV-vis spectroscopy. As show in Figure 7C , ATP alone has a peak at 260 nm and addition of HAuCl4 has slightly decreased the 260 nm peak while a small peak at ~300 nm showed up due to the added HAuCl4 (blue line). This spectrum is relatively stable and does not change much in 30 min. If citrate is added, the 260 nm peak is dropped significantly and the 300 nm peak is increased (red line). Overnight incubation results in a slight change with the same trend (red dashed line). If free ATP is removed, no peak at 260 nm is observed and only 300 nm showed the complex peak (pink line). The change of electronic absorption feature also provides evidence for the effect of citrate in assisting coordination of gold by adenosine into a different configuration. Since our materials are non-crystalline, it is difficult to determine the exact coordination geometry of the gold complexes. The only other reported luminescent adenine/metal complex is 9-allyladenine/Ag, 17 where the ratio between the ligand and the metal is also 1:1 and each Ag is bound by three adenines and vise versa. Next we studied the effect of light by storing adenosine and AMP samples in dark or under ambient light. After overnight reaction, the adenosine sample was fluorescent only if exposed to light. On the other hand, the AMP sample was much less affected by light and light exposure only increased fluorescence by ~20% compared to that stored in dark. We already know that the complexes formed with AMP are much smaller clusters. It is likely that the adjustment of gold coordination is more easily to take place in such smaller AMP clusters rather than that in large aggregated adenosine complexes. We reason that if the role of light is just to facilitate re-organization of gold binding to adenosine, thermal energy might also be useful for this purpose. To test this, we prepared a sample completely sealed in dark and then exposed to a 90 C water bath for 2 hr and indeed this sample showed strong fluorescence ( Figure 7E ). For comparison, the sample without heating (but still in dark) remained non-fluorescent.
Therefore, the role of light can be replaced by heating. Finally, we combined light exposure and heating.
As shown in Figure 7F , we obtained much stronger fluorescence in 2 hr (e.g. light alone produces ~500 a.u. fluorescence). Further heating leads to fluorescence quenching. Overall, the thermostability of the fluorescence is very high.
We previously reported the preparation of fluorescent AuNCs using DNA such as C30 at low pH and A30 at neutral pH. 28 In this current work using nucleosides or nucleotides, only adenine derivatives could afford fluorescence. We reason it is easier for a DNA chain to position a few gold ions close to each other (intramolecular binding) so that a cluster can form upon reduction. For single nucleotides, to form a cluster, it is likely that intermolecular multivalent coordination needs to establish. This is probably why only adenine derivatives can produce such nanoclusters since no other nucleosides are known to form network of coordination complexes with gold.
Conclusions.
In summary, we reported the first series of fluorescent gold complexes with adenine derivatives. All the compounds emit blue light with a long lifetime of ~1 s, which is attributed to charge transfer. In all previous work, the adenine derivatives and gold complexes were non-fluorescent. We found two critical factors for fluorescence generation: citrate and light exposure. Citrate is needed to reduce HAuCl4 to a lower oxidation state, which is likely to be Au(I) based on its luminescence property. In particular, citrate needs to be added soon after mixing HAuCl4 and adenosine. Otherwise, after forming stable complex between these two, no fluorescence was produced even after adding citrate. The ratio of adenosine and gold in the complex is 1:1. The coordination chemistry of this complex is different from one directly achieved with mixing HAuCl4 and adenosine (no citrate). To achieve strong fluorescence, the 9-position of the adenine needs to be blocked since adenine itself generated very weak fluorescence.
The size of the complex could be tuned by adding charged nucleotides such as AMP or ATP. In the case of adenosine, the complex is non-charged and tends to aggregate. This reductive complexation synthesis method is likely to open many new opportunities to achieve fluorescent gold complexes that could be used for analytical and biomedical applications. 
